Diffusion couples of Fe 2 Al 5 and various substrates with different carbon content, pure iron, 0.27 mass% C steel and 0.45 mass% C steel were processed, and the formation of an Fe-Al alloy layer in the temperature range from 750 to 1 000°C was investigated. FeAl 2 , FeAl, and aluminum solid solution (aFe(Al)) were confirmed in the alloy layer formed by heating the diffusion couples. Voids were generated inside the Fe 2 Al 5 layer and near the interface between the FeAl layer and aFe(Al) layer. The layer growth of FeAl and aFe(Al) obeyed the parabolic law of the diffusion time, t 1/2 . However, the thickness of FeAl saturated over a diffusion time longer than 3.6 ks at 950°C because of the concentration of voids at the FeAl layer/aFe(Al) layer interface and the disappearance of the Fe 2 Al 5 layer. The activation energy for the formation of the FeAl layer in all kinds of the substrates was approximately 200 kJ/mol in the whole temperature range and the substrate. On the other hand, the activation energies for the aFe(Al) layer in the 0.27 mass% C steel and the 0.45 mass% C steel were larger than that in pure iron at 750-800°C.
Introduction
Hot dip aluminizing has been used in the automobile and building industries as a surface treatment method for improving the corrosion resistance of steels. Alloy layers of the Fe-Al system are formed during the hot dipping and heat treatment of the hot dipped aluminized steel at a temperature below 700°C by reaction diffusion between the melted aluminum and iron. In conventional hot dip aluminizing, the alloy layers have been shown to consist of FeAl 3 and Fe 2 Al 5 with aluminum content higher than 50 mass% Al, and these intermetallic compounds cause lower plastic formability and thermal stress fracture of the alloy layer because of their brittleness. [1] [2] [3] [4] [5] [6] [7] [8] In recent years, however, the formation of an Fe-rich alloy layer consisting of FeAl and aluminum solid solution (aFe(Al)) with aluminum content lower than 30 mass% has been demonstrated using "High temperature aluminizing", wherein the hot dip aluminized steel is heated to a temperature above 900°C. [9] [10] [11] [12] [13] Previous research has shown that the alloy layer formed by high temperature aluminizing improves wear resistance of the alloy layer 11) and the bending workability 12) of aluminized steel because of comparatively higher toughness and functionally gradient properties due to the gradual variation of aluminum composition. In addition, we have reported that an Fe-rich alloy layer with a higher toughness is formed by "foil aluminizing" wherein steel with aluminum foil bonded on the surface is heated above 900°C. 13) During the process of high temperature heating of the aluminum-coated steel, Fe 2 Al 5 is first formed by reaction diffusion between the molten aluminum and steel, and subsequently, the Fe-rich alloy layer is formed as an intermediate layer between Fe 2 Al 5 and the steel. [9] [10] [11] [12] [13] Therefore, the formation of the Fe-rich alloy layer during high temperature aluminizing is likely due to the diffusion phenomenon between Fe 2 Al 5 and steel. In this paper, in order to obtain insights into the dominant factors affecting the formation mechanism of the Fe-rich alloy layer during the high temperature aluminizing, the effects of the heat treatment conditions on the formation of the alloy layer was investigated using diffusion couples of Fe 2 Al 5 /steel.
Experimental
High purity electrolytic iron (pure iron), structural carbon steel JIS S25C (carbon content: 0.27 mass% C, 0.27C-steel) and JIS S45C (0.45C-steel), as shown in Table 1 , were used as substrates for aluminizing in this study. Plate specimens measuring 6ϫ50ϫ2 mm 3 were cut from the substrates after annealing at 1 100°C for 1.8 ks. In our previous work, 13) it was shown that Fe 2 Al 5 was mainly formed by heating the steel-bonded aluminum foil at 700-800°C. Thus, diffusion couples of the Fe 2 Al 5 /substrate were prepared by foil aluminizing. Aluminum foils (99.6 mass% pure) of 50 mm in thickness were diffusion bonded onto the surface (6 mmϫ50 mm) of the substrates. The bonding conditions included a bonding pressure of 150 MPa, bonding temperature of 250°C and bonding time of 3.6 ks. Alu-minum bonded specimens were subsequently heated at 700°C for 1.8 ks. Although the aluminum foil bonded on the surface melted during heating at 700°C, the flowing out of aluminum was not observed because Fe 2 Al 5 was formed uniformly at the surface. Figure 1 shows cross sectional micrographs and the concentration of Al and Fe measured by an electron probe analyzer (EPMA). The Al concentration was constant at 55 mass% in the alloy layers, and decreased rapidly at the interface between the alloy layer and the substrate. This layer formed by heating at 700°C was confirmed to be Fe 2 Al 5 by X-ray diffraction in the previous work.
13) The Fe 2 Al 5 layer was formed and an aluminum layer was not observed in the alloy layer shown in Fig. 1 . The interface of the Fe 2 Al 5 /substrate in the 0.45C-steel is linear; however in pure iron and 0.27C-steel, it is serrated. The thickness of the Fe 2 Al 5 layers in the specimens plotted as a function of the carbon content in the substrates is shown in Fig. 2 . The thickness of the Fe 2 Al 5 layer in the pure iron and 0.25C-steel varies due to the serration. However, the mean value of the Fe 2 Al 5 thickness is approximately 70 mm in the all the specimens. Diffusion experiments were performed by heating the specimens in air from 0.3 to 36.0 ks at temperature ranges of 750-800°C and 950-1 000°C, at which the substrates became a single phase of ferrite (a), a single phase of austenite (g), and two phases of a and g(aϩg), as shown in Fig.  3 . The specimens were subsequently air quenched.
Results and Discussion

Alloy Layer Formed by Diffusion
Figures 4-6 show optical micrographs of the cross-sections of pure iron, 0.27C-steel and 0.45C-steel subjected to diffusion at 775°C (single phase of a or dual phase of (aϩg)). Cracks or voids were observed near the surface of the specimens for the diffusion temperature T D of 775°C. EPMA measurement results for the specimen subjected to On the other hand, at the diffusion temperature, T D , of 975°C, the thickness of the Fe 2 Al 5 layer largely decreased, and the FeAl and aFe(Al) layers are dominant layers. Moreover, the interface between the alloy layer, which contained the Fe 2 Al 5 layer, FeAl and the aFe(Al) layer, and the substrate was linear for the whole carbon content range. Moreover, voids concentrated at the inside of the Fe 2 Al 5 layer and near the FeAl/aFe(Al) layer interface with increasing diffusion time. The number of voids tended to increase in the specimen having a higher carbon content. Figure 8 shows the EPMA results for the specimen subjected to diffusion at T D ϭ975°C for tϭ36.0 ks. In this heat treatment condition, the Al concentration was discontinuous at the interface of the FeAl/aFe(Al) layers due to voids concentrated at the interface.
The intermetallic compound FeAl has a B2-type ordered structure based on an Fe : Al atomic ratio of 1 : 1; however, it can be formed even at a lower Al content of 15-30 mass% than the stoichiometric composition since the Al atom sites are filled by anti-site Fe atoms or vacancies. 15) In addition, it is well known that the self diffusion coefficient in ordered alloys is generally lower than that in disordered alloys. 16 ) Therefore, it is conjectured that the voids at the interface between the FeAl and aFe(Al) layers were Kirkendall voids caused by the lower diffusion coefficient in the FeAl layer than in the aFe(Al).
From the above results, it is concluded that FeAl and aFe(Al) were formed by heating the Fe 2 Al 5 /steel diffusion couple similar to the case of heating the aluminum-coated steel.
Formation Process of FeAl Layer and Aluminum
Solid Solution (a aFe(Al)) Layer Layers of FeAl 2 , FeAl and aFe(Al) were confirmed in the alloy layer formed by heating of the Fe 2 Al 5 /steel diffusion couple. Growth of these compound layers can be related to the diffusion of Fe and Al at the Fe 2 Al 5 /FeAl 2 , FeAl 2 /FeAl, FeAl/aFe(Al), and aFe(Al)/steel interfaces. Thus, the distance from the surface of the specimen to each interface was measured. However, since the interface between the Fe 2 Al 5 layer and the FeAl 2 layer was unclear, we dealt with Fe 2 Al 5 and FeAl 2 as the (Fe 2 Al 5 ϩFeAl 2 ) layer in the following discussions. The distances y 1 , y 2 , and y 3 represent the distance from the surface to the (Fe 2 Al 5 ϩFeAl 2 )/FeAl, the FeAl/aFe(Al), and the aFe(Al)/steel interfaces, respectively. Figures 9-11 show the relationship between the measurement results, y i , and the square root of the diffusion time, t 1/2 . The main features of y 1 , y 2 , and y 3 were as follows. The distances y 1 and y 2 decreased compared to the thickness of the Fe 2 Al 5 layer before the diffusion treatment, and y 3 increased as the diffusion time increased. These changes of y i tended to be larger at the diffusion temperature, T D , of 975°C than at 775°C. Moreover, the value of y i is larger in the order, pure iron, 0.27C-steel and 0.45C-steel. The decreasing values of both y 1 and y 2 indicated that the Fe 2 Al 5 layer decreased and an FeAl layer was formed to the side of the Fe 2 Al 5 layer which existed prior to the diffusion. In addition, at the longer diffusion time, the voids tended to concentrate at the FeAl/aFe(Al) interface. It is conjectured that the diffusion pass was interrupted by the © 2007 ISIJ generation of voids. On the other hand, it is supposed that the aFe(Al) layer always grew primarily to the inside of the substrate because the distance from the surface to the aFe(Al) layer/substrate interface, y 3 , increased for the whole heat treatment condition used in this study. These phenomena were confirmed also in the 0.27C-steel shown in Fig. 10 the and 0.45C-steel shown in Fig. 11 .
From the above results, it is considered that the FeAl layer and the aFe(Al) layer were formed by the following process shown in Fig. 12 Figures 13 and 14 show the relationship between the thickness, d, and the square root of the diffusion time, t 1/2 , for the FeAl layer and the aFe(Al) layer. The thickness of the FeAl layer increased proportionally to t 1/2 at the diffusion temperature, T D , of 775°C. That is, the parabolic low of dϭ(kt) 1/2 (Eq. (1)) was observed. In addition, at the diffusion temperature, T D , of 975°C, d increased proportionally up to approximately 50 mm, above which it saturated. As shown in Fig. 10 , the FeAl layer grew in the side of the Fe 2 Al 5 layer. However, at the FeAl/aFe(Al) interface, as the aFe(Al) growth is dominant and a crack was generated due to the concentration of voids, the thickness saturated. Therefore, it is concluded that the thickness of the FeAl layer almost depend on amount of the Fe 2 Al 5 layer before the diffusion. On the other hand, the thickness of the aFe(Al) layer always increased proportionally for the whole diffusion temperature range used in this study.
Since the rate constant, k in Eq. (1), is a function of the diffusion coefficient, D, k is also the Arrhenius function 16 (2) where, E A and R are the activation energy for the formation of the reaction phase and the gas constant, respectively. Figure 15 shows the Arrhenius plot of the rate constant, k, for the FeAl layer. The value of k was determined from the slope in the range below the diffusion time of 3.6 ks, at which the thickness of FeAl did not saturate. The plot of ln k for the pure iron as a function of 1/T showed a linear re- lationship, and both slopes in the diffusion temperature range of 750-800°C and 950-1 000°C were almost the same. In addition, although ln k tended to be small with increasing carbon content in the substrate, the slopes were similar to that for pure iron. The activation energy for the formation of the FeAl layer, E A , calculated from the slopes was approximately 200 kJ/mol. This was probably attributable to the fact that intermetallic compounds of Fe 2 Al 5 , FeAl 2 and FeAl did not phase transform in the temperature range of 750-1 000°C. In addition, it is supposed that the diffusion of C atoms from the substrate was less effective for the formation of FeAl.
The Arrhenius plot of k for the aFe(Al) layer is shown in Fig. 16 . In pure iron, the plot of ln k against 1/T showed the linear relationship, and the slope at the diffusion temperature range of 750-1 000°C was almost the same as for the FeAl layer. The value of E A was approximately 175 kJ/mol. This is considered to be due to the lesser effect of a-g phase transformation of the substrate. However, the slopes for 0.27C-steel and 0.45C-steel at 750-800°C, in which the substrate becomes a dual phase of aϩg, were larger than that for pure iron. The values of E A calculated from the slopes were 280 kJ/mol and 285 kJ/mol, which were 1.5 times that of the pure iron. In the temperature range of 750-800°C, two interfaces of a-phase/aFe(Al) layer and gphase/aFe(Al) layer existed. The solid solubility of carbon in the a-phase with a b.c.c lattice is much less than in the g-phase with an f.c.c lattice, and the carbon content in the a-phase always reaches the solid solubility. These facts probably affected the increase in the value of E A .
From the results, it is concluded that the activation energy for the formation of the aFe(Al) layer increased at the diffusion temperature, at which the steel became a dual phase of the aϩg phase.
Conclusions
The diffusion couples of Fe 2 Al 5 and various substrates, including pure iron, 0.27 mass% C steel and 0.45 mass% C steel, were processed, and the behavior of Fe-Al alloy layer formation at 750-1 000°C was investigated. The main results of the study are shown below.
(1) Intermetallic compounds of FeAl 2 and FeAl were formed inside the Fe 2 Al 5 layer, and an aFe(Al) layer was formed inside the substrate by the heating of the Fe 2 Al 5 /substrate diffusion couple. Voids were generated in the Fe 2 Al 5 layer and near the FeAl layer/aFe(Al) layer interface due to the diffusion.
(2) In the heat treatment condition of higher temperature and shorter time, the thickness of the FeAl layer increased by the parabolic low of the diffusion time, t 1/2 , while for longer diffusion times, it saturated because of the disappearance of the Fe 2 Al 5 layer and increasing the number of voids at the FeAl layer/aFe(Al) layer interface. On the other hand, for the thickness of aFe(Al) layer, the parabolic low was confirmed over the whole heat treatment condition in this study.
(3) The activation energy, E A , for the formation of the FeAl layer was almost the same value of approximately 200 kJ/mol over the whole carbon content in the substrate and the whole diffusion temperature. (4) The E A value for the formation of the aFe(Al) layer at the temperature range 950-1 000°C was approximately 175-180 kJ/mol in the whole substrate. However, the E A value for the carbon steel at the temperature range 750-800°C increased up to 1.5 times that for the pure iron.
